Abstract 5-HT 3 (5-hydroxytryptamine type 3) receptors are cation-selective ion channels of the Cys-loop transmittergated ion channel superfamily. Two 5-HT 3 receptor subunits, 5-HT 3A and 5-HT 3B , have been characterized in detail, although additional putative 5-HT 3 subunit genes (HTR3C, HTR3D and HTR3E) have recently been reported. 5-HT 3 receptors function as homopentameric assemblies of the 5-HT 3 subunit, or heteropentamers of 5-HT 3A and 5-HT 3B subunits of unknown stoichiometry. The single-channel conductances of human recombinant homomeric and heteromeric 5-HT 3 receptors are markedly different, being <1 and approx. 16 pS respectively. Paradoxically, from the results of studies performed on the closely related nicotinic acetylcholine receptor, the channel-lining M2 domain of the 5-HT 3A subunit is predicted to enhance cation conduction, whereas that of the 5-HT 3B subunit would not. The present study describes a novel determinant of single-channel conductance, outwith the M2 domain, which accounts for this anomaly. Utilizing a panel of chimaeric 5-HT 3A and 5-HT 3B subunits, a profound determinant of single-channel conductance was traced to a putative amphipathic helix (the 'HA stretch') within the large cytoplasmic loop of the receptor. Replacement of three arginine residues (R432, R436 and R440) unique to the HA stretch of the 5-HT 3A subunit with the aligned residues (Q395, D399 and A403) of the 5-HT 3B subunit increased the single-channel conductance 28-fold. Significantly, from ultrastructural studies of the Torpedo nicotinic acetylcholine receptor, the key residues may be components of narrow openings within the inner vestibule of the channel, located in the cytoplasm, which contribute to the permeation pathway. Our findings indicate an important and hitherto unappreciated function for the HA stretch in the Cys-loop family of transmitter-gated ion channels.
Introduction
The 5-HT 3 (5-hydroxytryptamine type 3) receptor is a member of the Cys-loop (group 1) family of transmitter-gated ion channels that includes nACh (nicotinic acetylcholine), GABA A (γ -aminobutyric acid type A) and strychninesensitive glycine receptors [1, 2] . In both the central nervous system and the periphery, activation of cation-conducting 5-HT 3 receptor populations elicits neuronal excitation of post-synaptic cells and modulates neurotransmitter release from presynaptic terminals [1] . Similar to other members of the Cys-loop family, the 5-HT 3 receptor is a pentamer of subunits that assemble in a pseudosymmetric manner to form a central ion channel [2, 3] . In general, such receptors exist as heteropentamers constructed from a repertoire of distinct subunit classes. Only two 5-HT 3 receptor subunits, 5-HT 3A [4] and 5-HT 3B [5] , have been cloned and investigated in detail to date [4] [5] [6] [7] [8] , although putative 5-HT 3C-3E subunit genes have been proposed very recently [9] . The biophysical properties of hetero-oligomeric 5-HT 3 receptors composed of human 5-HT 3A and 5-HT 3B subunits, or homo-oligomeric receptors assembled from human 5-HT 3A subunits alone, differ markedly [5, 6] . In particular, as shown by this laboratory, the single-channel conductance (γ ) of the hetero-oligomeric receptor (approx. 16 pS) is approx. 50-fold higher than that of the homo-oligomeric complex (0.4 pS) [5] . In addition, human homo-and hetero-oligomeric 5-HT 3 receptor channels differ in their relative permeability to bivalent cations and degree of macroscopic current rectification [5] .
For the Cys-loop family as a whole, consensus opinion ascribes the major determinants of ion flow to residues within the second transmembrane spanning domain (M2) [10] . That the M2 domain indeed contributes to the 5-HT 3 receptor channel is evident both from studies employing SCAM (substituted cysteine accessibility method) to identify residues exposed to the lumen of the channel [11, 12] and from studies demonstrating that profound changes take place in cation to anion selectivity subsequent to multiple or single amino acid point mutations within M2 [13, 14] (see Figure 1) . The M2 domain of the 5-HT 3A receptor Amino acid residues homologous with those known to influence cation conduction in the nACh receptor are boxed. Asterisks denote residues exposed to water in the open state of the channel, as inferred by SCAM [11, 12] . Mutation of the −1 glutamate residue of the h5-HT 3A sequence to alanine is sufficient to cause a loss of cation selectivity and, when combined with the mutation S19 R, produces a channel that is predominantly anion-selective [14] . The proposed location of the gate is based on the results of SCAM [11, 12] and by homology with the Torpedo nACh receptor [37] . M2, transmembrane domain 2; CyR, cytoplasmic ring; IR, inner ring; CR, central ring; HR, hydrophobic ring; ER, extracellular ring.
subunit is highly homologous with the M2 domain of the nACh α7 subunit [10] , which conducts cations approx. 100-fold more efficiently. In particular, structural features that are well established to influence conduction, ion selectivity and channel gating in nACh receptors, including negative charges at positions 20 (extracellular ring), −1 (inner ring) and −4 (cytoplasmic ring), a polar group at position 2 (intermediate ring) and hydrophobic residues at positions 9 (equatorial ring) and 13 , are largely conserved in the 5-HT 3A subunit (Figure 1 ). In contrast, the 5-HT 3B subunit ( Figure 1 ) lacks several of these crucial features (e.g. negative charge at position −1 and polarity at position 2 ); yet, when co-assembled with the 5-HT 3A subunit, it greatly augments single-channel conductance. This paradox led us to examine whether an alternative domain of the 5-HT 3B subunit underlies the superior conductance of hetero versus homo-oligomeric 5-HT 3 receptors.
General procedure
In an effort to localize the 5-HT 3B subunit amino acid sequences underlying the greatly enhanced single-channel conductance (γ ) of heteromeric (5-HT 3A and 5-HT 3B ) receptors when compared with homomeric (5-HT 3A ) receptors, we generated, using standard molecular-biology techniques [15] , ten chimaeric constructs (C1-C10; Figure 2A ) of the human 5-HT 3A and 5-HT 3B subunits [16] . The chimaeric and wildtype 5-HT 3 receptor subunit cDNAs were transfected singly, or in combination, into tsA-201 cells by electroporation, and functional expression was evaluated 24-72 h later using the whole-cell recording mode of the patch-clamp technique. cDNA encoding the green fluorescent protein was additionally co-transfected with the 5-HT 3 subunit cDNAs as a marker for cells potentially expressing functional receptors. Small HA (haemagglutinin) or myc epitopes inserted at the extreme N-terminus (between residues 5 and 6 of the mature protein) were incorporated into the wildtype subunits and chimaeric constructs to assess their cellular distribution in COS-7 cells by immunofluorescence under confocal microscopy [17] . The insertion of such epitope tags has been shown to be functionally silent with regard to the binding of a selective tritiated 5-HT 3 receptor antagonist, namely [ 3 H]granisetron, and the potency of 5-HT to elicit membrane current responses [17] .
Single-channel conductance of the wild-type and chimaeric receptor subunits was routinely determined by fluctuation analysis of macroscopic currents induced by 5-HT (10 µM) under voltage-clamp at a holding potential of −60 mV as described previously by this laboratory [5, 6] . Fluctuation analysis was used, since the sub-picosiemen conductance of the homomeric 5-HT 3A receptor, usually reported to be within the range 0.3-0.8 pS, precludes direct resolution of channel events by conventional single-channel recording [5, 6, 8, [18] [19] [20] .
Chimaeric constructs identify a cytoplasmic region (the HA stretch) as an important determinant of single-channel conductance
As anticipated from previous investigations [5, 6] , homomeric and heteroligomeric 5-HT 3 receptors yielded single-channel conductances of 0.76 and 13.3 pS respectively. The latter value is comparable with that of 16 pS obtained from single-channel recordings of human heteromeric receptors [5] . At the macroscopic current level, the current-voltage relationship for the homomeric receptor determined by a voltage ramp from −100 to + 40 mV displayed prominent inward rectification, the ratio of the 5-HT-induced chord conductances at + 40 and −100 mV being 0.3 (i.e. G chord+40 mV /G chord−100 mV = 0.3). Inward rectification was less pronounced for the heteromeric receptor (G chord+40 mV /G chord−100 mV = 0.67) [21] , confirming previous results [5] .
We analysed the chimaeric subunits C1-C10 ( Figure 2A ) for the formation of functional receptors when expressed alone and for their influence on single-channel conductance when co-expressed with the 5-HT 3A subunit. Chimaeras C1 and C4-C8, in the absence of co-expressed 5-HT 3A subunits, did not support inward current responses to 5-HT and appeared to be retained in intracellular compartments [16] . However, when co-expressed with the 5-HT 3A subunit, the formation of heteromeric 5-HT 3A -chimaeric subunit complexes was evident from cell-surface labelling and, for chimaeras C1, C4, C5, C7 and C8, by a significant enhancement of the single-channel conductance (7.6-15-fold) compared with that observed for the homomeric 5-HT 3A receptor (Figure 2A) . Chimaeras C2 and C3 did traffic to the cell surface unaided by the 5-HT 3A subunit, but were refractory to activation by 5-HT. It is possible that the putative channel formed by C2 or C3 is not functional [16] .
The single-channel conductance (5.1 pS) of co-expressed C1 and 5-HT 3A subunits indicated that the 5-HT 3B subunit sequence C-terminal to the intracellular border of M2 (Figure 2A) contains a domain responsible for enhanced conduction. In addition, the unchanged single-channel conductance of receptors co-assembled from the 5-HT 3A subunit and C2 or C3 appeared to limit further the region conferring enhanced single-channel conductance to a region of the 5-HT 3B subunit sequence distal to the intracellular border of M3 [16] . This result was confirmed by C4, containing the large intracellular loop and M4 of the 5-HT 3B subunit sequence, which enhanced single-channel conductance to a value (10.9 pS) close to that observed for wild-type heteromeric 5-HT 3 receptors. The intracellular loop, via C5 and C6 (Figure 2A) , rather than M4, was shown to be responsible for increased channel conductance, and progressive fractionation of the former, using C7, C8 and C9, traced the crucial region to a stretch of 23 amino acids containing a predicted amphipathic α-helix, homologous with the 'HA stretch' in nACh receptor subunits [16, 22, 23] . Further restricting the substituted region (C10, Figure 2A ) was without effect on the enhancement of single-channel conductance. Moreover, C10 formed functional homomeric receptors with a single-channel conductance (22.2 pS) significantly higher than that obtained when co-expressed with the 5-HT 3A subunit (12.9 pS). C9, containing 23 5-HT 3B subunit residues immediately N-terminal to the substituted region in C10, also functioned as a homomer, but with a single-channel conductance (0.64 pS) indistinguishable from that of homomeric 5-HT 3A receptors.
Arginine residues within the HA stretch influence single-channel conductance
In an attempt to identify individual amino acid residues within the HA stretch that might impinge upon singlechannel conductance, we constructed sequence alignments over this region across species orthologues of 5-HT 3 receptor subunits ( Figure 2B ) and representative subunits of cation-selective Cys-loop (type 1) transmitter-gated ion channels ( Figure 2C ). The analysis revealed four positively charged arginine residues (R426, R432, R436 and R440; Figures 2B and 2C ) unique to the 5-HT 3A subunit sequence; we subsequently mutated them individually, and in combination, to the aligned residues in the human 5-HT 3B subunit sequence [16] . Such point mutant receptors were expressed as homomers (Figure 3) . Whereas mutations R426S (R426 → Ser) and R432Q had little effect on single-channel conductance, R436D and R440A caused an approx. 5-and 3-fold increase in conductance respectively ( Figure 3A) . The double mutations R432Q/R436D and R436D/R440A produced an enhancement of single-channel conductance that was greater than the sum of the individual mutations, but a similar synergy was not observed for R432Q/R440A ( Figure 3A) . The triple mutation R432Q/R436D/R440A supported a single-channel conductance (21.5 pS) that was essentially identical with that of C10 expressed as a homomer (22.2 pS), suggesting that the major determinants of single-channel conductance in the HA stretch can be ascribed to the unique arginine residues. The greatly enhanced conductance of the R432Q/R436D/R440A mutant was confirmed directly by recordings of 5-HT-induced single-channel currents from outside-out membrane patches, which provided an estimate of the conductance as 25.1 pS at −60 mV ( Figures 3A  and 3B ). No gross change in ion selectivity resulted from the R432Q/R436D/R440A mutations, since the reversal potential of 5-HT-induced whole-cell currents was similar to that of the 5-HT 3A receptor and was unchanged when intracellular chloride ions were partially replaced by gluconate anions [16] . Interestingly, the pattern of macroscopic current rectification of the R432Q/R436D/R440A mutant (G chord+40 mV /G chord−100 mV = 0.63) was very similar to that of the heteromeric 5-HT 3 receptor [21] , indicating that biophysical differences between homo-and hetero-meric receptors other than single-channel conductance can also be influenced by residues within the HA stretch.
Discussion
Our results indicate that uniquely occurring arginine residues within a cytoplasmic domain of the 5-HT 3A subunit strongly influence single-channel conductance. Previously, the HA stretch has been shown to influence the gating kinetics [24] [25] [26] and assembly [27] of nACh receptors, but its influence on single-channel conductance has not been described. For example, a mutation of the skeletal-muscle nACh β1 subunit causing congenital myasthenia, involving a triple amino acid deletion E426/Q427/E428 that corresponds to K431R432D433 of the human 5-HT 3A subunit, appears to have little effect on single-channel conductance, but preferentially disrupts an interaction between the β and δ subunits. The latter results in impaired receptor assembly, which the authors attribute to a perturbation of the secondary structure within the HA stretch of the β subunit [28] . Our findings are not at variance with such results, since mutation of R432 alone had no effect on single-channel conductance. Indeed, the differing subcellular distribution of C8 and C10 would support a role for discrete elements of the HA stretch in receptor assembly, trafficking or stability at the cell surface. A pioneering study by Imoto et al. [29] reported no significant change in single-channel conductance when acidic residues within the HA stretch of the Torpedo nACh α subunit were mutated singly (or in one case doubly) to lysine (indicated in italics in Figure 2C ). However, only two mutations were at positions homologous with those studied here and, considering stoichiometry, they apply to two, not five, subunits [29] .
Studies employing SCAM [11, 12] and the identification of specific amino acid residues within M2 influencing cation/anion selectivity [13, 14] , reinforce the classical view that the M2 segments of the 5-HT 3A subunit contribute to the pore of the channel. The present study does not conflict with this scheme. Although unexpected, our results indeed mesh with ultrastructural studies conducted by Unwin and co-workers [23, 30] . Electron micrographs of the Torpedo nACh receptor at 4.6 Å resolution (1 Å = 0.1 nm) reveal that the channel funnels into a vestibule perforated by narrow openings ('portals') through which ions flux to the cytoplasm and vice versa. It is postulated that the portals (schematically represented in Figure 3C ) are formed between α-helices, identifiable with the HA stretch, which project from the base of each subunit and converge on the central axis of the receptor, constructing 'an inverted pentagonal cone' [23, 30] . The dimensions of the portals are estimated to be no greater than the diameter of a permeating ion, including its first hydration shell [23, 30] . We hypothesize that such portals also exist at the interface of 5-HT 3 receptor subunits and that the anomalously low conductance of the homomeric 5-HT 3A receptor can be attributed to an unfavourable charge distribution over the portals, or at least in proximity to them. The 5-HT 3A subunit is unique in possessing cationrepulsive arginine residues at positions 432, 436 and 440 ( Figure 2C) , and we have shown that the latter individually, and collectively, decreases single-channel conductance [16] . In contrast, the aligned residues in the 5-HT 3B subunit (i.e. glutamine, aspartate and alanine respectively) present a net negative charge that should favour cation conduction. Presumably, five identical portals exist in the inner-vestibule homomeric 5-HT 3A receptor, allowing speculation that the influence of the 5-HT 3B subunit on γ results not from its M2 sequence, but from the formation of 5-HT 3A /5-HT 3B subunit interfaces that provide a permeation pathway(s) more conducive to cation conduction. A major advance would be to demonstrate the generality of our observations by examining the influence of the HA stretch on the single-channel conductance of related transmitter-gated ion channels within the Cys-loop family.
In addition to influencing single-channel conductance, R432, R436 and R440 collectively influence the rectification of macroscopic current responses. The marked inward rectification associated with the human wild-type 5-HT 3A receptor was markedly decreased in the receptor, in which the three arginine residues were replaced by their 5-HT 3B subunit counterparts [21] . This observation might be anticipated if the arginine residues act to repel cations and lower their concentration in the vicinity of the inner vestibule of the channel.
The presence of portals within the cytoplasmic protrusion of ion channel proteins is a recently emerging structural theme. Such structures (within the so-called 'hanging gondolas') have been described for the Shaker and Kv4.2-KChlP2 potassium channels [31] [32] [33] , the bacterial mechanosensitive channel MscS [34] , the voltage-activated sodium channel [35] and a cGMP-gated channel [36] . Our assignment of an important function to the inner vestibule in ion permeation may thus have broad significance for ion channel function.
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